The production and characterization of nuclear extracts from uninfected Spodoptera frugiperda cells, capable of accurately initiating transcription of baculovirus immediate early genes in vitro, are described. Optimal in vitro transcription was dependent on the presence of a TATA box promoter element and was abolished by a-amanitin. Nuclear extracts from the S. frugiperda cells primed with plasmid DNA containing the adenovirus major late promoter produced run-
transcription was dependent on the presence of a TATA box promoter element and was abolished by a-amanitin. Nuclear extracts from the S. frugiperda cells primed with plasmid DNA containing the adenovirus major late promoter produced runoff transcripts of the size predicted for initiation from the adenovirus promoter. In addition, nuclear extracts prepared from a human cell line accurately initiated transcription from the promoter of the baculovirus immediate early gene encoding gp64. Primer extension analysis showed that transcripts derived from the gp64 gene promoter using both the S.frugiperda and human cell nuclear extracts initiated at the same nucleotide as transcripts produced in vivo.
Nuclear polyhedrosis viruses (NPVs), a subgroup of the Baculoviridae, are a diverse family of viruses pathogenic for invertebrates, particularly insects of the orders Lepidoptera, Hymenoptera, and Diptera (1) . NPV virions have large double-stranded DNA genomes of 88-165 kilobases (kb) and are occluded in polyhedron-shaped protein crystals comprised of a 29-kDa protein termed polyhedrin (2) . Occlusion protects the virions from exposure to the environment and allows them to remain infectious to susceptible insects indefinitely. Polyhedrin is expressed at high levels late in the virus infection, and this hyperexpression appears to be facilitated by an a-amanitin-resistant RNA polymerase derived either from the host or synthesized de novo by the virus (3) . Because of the high levels of polyhedrin expression, a large number of laboratories are using engineered baculoviruses for the hyperexpression of foreign genes under the control of the polyhedrin gene promoter (4, 5) . Although the regulation of baculovirus gene expression is of considerable interest, progress to define the components ofthis system has been limited by the lack of an in vitro transcription system. In this report we describe the production and characterization of an in vitro transcription system derived from nuclear extracts of uninfected Spodopterafrugiperda cells that faithfully initiates the transcription of baculovirus immediate early genes. This system should prove useful for the isolation and identification of host and viral transcription factors involved in the regulation of baculovirus gene expression.
MATERIALS AND METHODS
Templates. A plasmid (p64CAT-166) containing the gp64 promoter (the promoter of the immediate early gene encoding a 64-kDa glycoprotein, gp64) (6) was used as the transcription (Fig. 1B) . A derivative of p64CAT-166, containing a change in the DNA sequence of the gp64 gene TATA box, was designed to investigate the role of the TATA sequence in gp64 gene expression. The mutation was produced by site-directed mutagenesis (see below) using a 35-base oligonucleotide complementary to nucleotides -58 to -90 upstream of the gp64 gene ATG, which altered the native sequence (GGG-TATATAA) to GTCTAGATAA (the changes are italic). These changes, which introduced an Xba I site to facilitate plasmid screening, were verified by DNA sequencing.
The adenovirus major late (ML) promoter was assayed from the plasmid pBRD, a gift of Diane Hawley (University of Oregon). This plasmid contains adenovirus sequences from -260 to +10, followed by a guanosine-less cassette derived from pMLCAAT (7) . When digested with BamHI, this template produces a run-off transcript of 389 nucleotides in a human cell transcription system. A plasmid containing the AcMNPV IEJ gene (ref. 8 ; see. Fig. 1 ) was the gift of Linda Guarino (Texas A&M University).
To prepare templates for transcription, plasmid DNA was digested with the desired restriction enzyme; extracted with phenol/chloroform, 1:1 (vol/vol); precipitated with ethanol; and resuspended in 10 mM Tris, pH 7.5/1 mM EDTA (TE buffer) at a concentration of about 400 ,ug/ml.
Maintenance and Growth of Sf9 Cells. S. frugiperda cells (Sf9 cells; ATCC CRL 1711) were obtained from GIBCO/ BRL and grown in serum-free Sf900 medium (GIBCO/BRL) in 250-or 500-ml sterile disposable Erlenmeyer flasks (Corning) on an orbital shaker (VWR Scientific model 2001) at 135 rpm. Cells were grown in a VWR Scientific model 2020 incubator at 27°C without CO2 and were maintained at densities of 0.2-3.6 x 106 cells per ml.
Nuclear Extract Preparation. Nuclear extracts were prepared with few modifications as described by Dignam et al. (9) except that all buffers contained Tris HCl (10) rather than Hepes. Sf9 cells were harvested at a density of 3-5 x 106 cells per ml by pelleting at 1500 rpm for 10 min in a Beckman GP centrifuge (swinging bucket rotor) at room temperature. All subsequent steps were carried out at 4°C. Cells were resuspended in 4 packed-cell volumes of buffer A (10 mM Tris-HCI, pH 7.9/1.5 mM MgCI2/10 mM KCI/0.5 mM dithiothreitol) and were left on ice for 10 min. Cells then were pelleted in a clinical centrifuge (1500 rpm for 10 min), resuspended in 2 packed-cell volumes of buffer A, and lysed with 10 strokes of a Kontes Dounce homogenizer with a B Abbreviations: NPV, nuclear polyhedrosis virus; CAT, chloramphenicol acetyltransferase; MNPV, multicapsid NPV; AcMNPV, Autographa californica MNPV; gp64 promoter, immediate early promoter of the gene expressing glycoprotein gp64.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. pestle. Nuclei were pelleted (1500 rpm for 10 min) and resuspended in 1 nuclear volume of buffer C [20 mM Tris-HCl, pH 7.9/25% (vol/vol) glycerol/420 mM NaCl/1.5 mM MgCl2/0.2 mM EDTA/0.5 mM dithiothreitol]. The nuclei were then subjected to 15 strokes of the homogenizer (B pestle), stirred slowly in a beaker with a stir bar for 30 min at 4°C, and centrifuged in a Sorval SS-34 centrifuge (25,000 x g average for 30 min). (At this point the supernatant fraction of the extract can be frozen in liquid nitrogen and stored at -80°C.) The supernate was dialyzed (3500-Da cutoff) against 40 volumes of buffer D (20 mM Tris HCI, pH 7.9/100 mM KCI/20% glycerol/0.2 mM EDTA/10 mM 2-mercaptoethanol) for 3 hr. No precipitate was evident after this dialysis step. Aliquots (50 ,ul) of the resulting dialysate were frozen in liquid nitrogen and stored at -80°C. From 500 ml of Sf9 cells at 3-5 x 106 cells per ml, the yield was typically 6 ml of nuclear extract with a protein concentration of 12-14 mg/ml as determined by the Bradford protein assay (11) .
In Vitro Transcription Reactions. Standard conditions for optimal in vitro transcription were determined as described in Results. Reactions were carried out in 25-,ul volumes, with 20 ,ug of digested p64CAT-166 plasmid per ml as template. Final concentrations of the reaction components were 20 mM Hepes (pH 8.4 at 25°C), 6 mM MgCl2, nuclear extract at 20% of the final reaction volume (about 3 mg/ml), and the fol- Samples (5-10 ,ul) were electrophoresed at 550 V for 1.5 hr through a 7 M urea/5% polyacrylamide gel in TBE buffer (0.09 M Tris/0.09 M borate/2 mM EDTA) in a Bio-Rad Protean II apparatus, which was cooled with circulating tap water. Hae III restriction fragments of 4X174 DNA, radioactively labeled by using T4 DNA polymerase (12) , were used as size standards on gels. Gels were dried by vacuum, and Kodak XAR film was exposed for about 12 hr at -80°C with a DuPont intensifying screen. Autoradiograms were scanned by using a Zeineh soft-laser densitometer (Biomed Instru--ments, Fullerton, CA), and areas under peaks were measured; because the autoradiogram bands may not have been in a linear range for densitometry, our data are not considered quantitative.
The Namalwa cell nuclear extracts were derived from a human Burkitt lymphoma cell line (26) and were the gift of Barbara Hoopes (University of Oregon).
Primer Extension Analysis. The in vitro transcription start sites were confirmed by primer extension analysis of the in vitro RNA prepared as described above, except that labeled UTP was not included in the reactions. In vitro transcribed RNA, purified from a 25-,ul transcription reaction, was hybridized to a 5'-end-labeled 22-mer oligonucleotide complementary to the 5' end (nucleotides 15-37) of the CAT gene open reading frame on p64CAT-166. End-labeling and primer extensions were carried out as described (6, 13) .
DNA Sequencing and Site-Directed Mutagenesis. The dideoxy chain-termination method of Sanger et al. (14) , with modifications using Sequenase (United States Biochemical) (15) , was used to sequence double-stranded plasmid DNA. Site-directed mutagenesis was accomplished by following the methods of Kunkel et al. (16) and using oligonucleotides synthesized on an Applied Biosystems oligonucleotide synthesizer.
RESULTS
In Vitro Transcription from the Baculovirus gp64 Promoter.
The baculovirus gp64 gene encodes a glycoprotein that modifies the infected insect cell plasma membrane and becomes a major component ofthe budded virus envelope when the virus buds through the modified membrane. Investigations of the regulation of the gp64 gene of Orgyia pseudotsugata MNPV (OpMNPV) indicated that it has both an early promoter and a series of four late promoters (6) . Subsequent investigations of sequences that regulate expression of the immediate early gp64 promoter identified regions of the 5' flanking sequence that modulated the expression of a gp64-CAT gene fusion transfected into uninfected Sf9 cells (G. Blissard and G.F.R., unpublished). One construct, p64CAT-Proc. Natl. Acad Sci. USA 88 (1991) (Fig. 1B) , contains 166 nucleotides of the gp64 gene 5' flanking sequence and gave maximal CAT expression relative to a variety of other constructs. These results suggested that it would be a useful template for developing an in vitro transcription system for immediate early genes.
The rationale we used to produce an in vitro system for baculovirus transcription was to start by applying the simplest and most straightforward methods previously used to make transcriptionally active eukaryotic cell extracts. We therefore applied the procedures described by Dignam et al. (9) for the preparation of mammalian cell nuclear extracts to our uninfected Sf9 cells. To assay for in vitro transcription activity from the nuclear extracts, templates produced by digestion of p64CAT-166 with HindIII or EcoRI were used. HindIII linearized the plasmid, while EcoRI produced a DNA fragment of 439 nucleotides containing the gp64 promoter (Fig. 1B) . Correct initiation from the gp64 promoter would produce run-off transcripts of 857 or 316 nucleotides from the HindIII or the EcoRI-digested plasmids, respectively (Fig.  1B) .
Several observations indicated that the Sf9 nuclear extracts correctly transcribed the immediate early gp64 promoter. In an initial experiment, we observed that transcription reactions containing no template produced no specific transcripts (Fig. 1A, lane 1) . However, when HindIII-or EcoRI-digested templates were added, major run-off products (about 857 and 316 nucleotides, respectively) were present, and their lengths were consistent with the distance from the in vivo transcription initiation site to the restriction site (Fig. 1A, lanes 2 and 3) . Furthermore, transcription of a gp64 mutant promoter in which the sequence of the TATA box was changed to TAGA resulted in a reduction by at least a factor of 15 in the level of transcription (Fig. lA, lane 4) as determined by densitometric scanning. When transcription of the wild-type gp64 gene was examined in the presence of 1 Ag of a-amanitin per ml, transcription was abolished (Fig. lA,  lane 5) . As further support for these results, another baculovirus gene transcribed from an immediate early gene promoter (the IEJ gene of AcMNPV) was examined. The IEJ plasmid was digested with Hinfl to yield a DNA fragment containing the IEJ start site 339 nucleotides upstream of the restriction site (8) . This template produced a runoff transcript of length consistent with the expected 339-nucleotide product (Fig. 1A, lane 6) . These results suggested that this system produced transcripts from the correct start site for baculovirus immediate early gene promoters and that optimal levels of transcription were dependent on the presence of a TATA box. Furthermore, the sensitivity of transcription to a-amanitin suggested that the mRNA was synthesized by RNA polymerase II. Altogether, these results indicated that nuclear extracts from Sf9 cells were capable of producing RNA polymerase II-mediated in vitro transcription.
Optimization of Extract and Template Concentrations. We examined the effects of varying extract and template concentration on the production of specific transcripts by the Sf9 system. To determine the optimal extract concentration, two sets of experiments were done with either 20 or 60 mM KCI (see the legend to Fig. 2) . A broad range of nuclear extract concentrations (1.4-5.6 mg/ml) was found to produce significant levels of run-off transcripts, with 2.8 mg/ml being the optimal concentration ( Fig. 2A) . Dilutions of less than 1 mg of extract per ml produced transcripts of a size consistent with end-to-end transcription of the DNA fragments but no specific transcripts (data not shown). Such transcripts may be caused by the dilution of specific transcription factors, resulting in the preferential interaction ofRNA polymerase II with the ends of the DNA fragment. High concentrations of extract also strongly inhibited specific transcription (Fig. 2A) .
We found that a range of template concentrations ,ug/ml) produced specific transcription, with 20 ,g/ml being the optimal concentration (Fig. 2B) . At the higher template concentrations (50 ug/ml), specific transcription was reduced, and larger nonspecific transcripts were generated (Fig. 2B) .
In an early attempt to reduce the level of nonspecific background transcripts, a DNA fragment containing the gp64 promoter was gel-purified and used as the template in a standard transcription reaction. Under those conditions, specific transcripts were not observed. However, when DNA lacking baculovirus immediate early gene promoters (e.g., pBS) was added to reactions containing the gel-purified gp64 template specific run-off transcripts were produced (data not shown). Related observations were reported by Dignam et al. (9) , who found that the addition of nonspecific DNA reduced the concentration requirements for template DNA. Because of these observations, the templates used in our subsequent studies were not gel-purified and included DNA fragments derived from the original plasmid in addition to the specific promoter-containing fragment.
Further Optimization of Reaction Conditions. To further characterize the in vitro transcription conditions, the influence of Mg2+ concentration, KCI concentration, temperature, pH, and preincubation and incubation times were examined. Specific transcription from the early gp64 promoter was observed for Mg2+ concentrations from 2 to 10 mM, with the optimum being 6 mM MgCl2 (Fig. 3A) . The optimal Mg2+ concentration for another baculovirus immediate early gene promoter (AcMNPV IE-I) (8) was also found to be 6 mM (data not shown). Concentrations of <2 mM or >15 mM MgCl2 resulted in greatly reduced levels of transcription.
The temperature dependence of in vitro transcription with the Sf9 extracts was determined by analyzing the gp64 run-off products of reactions carried out at temperatures between 16°C and 35°C. While temperatures from 25°C to 30°C supported high levels of transcription, the optimal temperature for the production of run-offtranscripts was determined to be 30°C (Fig. 3B) . In this analysis, reactions were both preincubated and incubated at the temperature tested. Thus, any differences in the temperature dependence of specific tran- scription steps, such as initiation or elongation, would not have been distinguished.
The effect of varying pH and KCl concentration in the reactions was also tested and found to have little effect over a broad range. While all extracts were prepared with Tris'HCl at pH 7.9 (40C), we varied the pH of the in vitro transcription reactions by adding Hepes buffers (20 mM final concentration) of pH 7.4, 7.9, 8.4, and 8.9. No significant difference was seen in the production of transcripts in this range of pH (data not shown). Varying KCl concentrations in the transcription reactions from 20 mM to 60 mM had only a slight effect on transcription, although results indicated that 20 mM KCI may be optimal (Fig. 2A) .
Transcription reactions were carried out with a preincubation step to allow for the binding oftranscription factors to the template before elongation by RNA polymerase II. Therefore, the effect of varying preincubation time in the absence of the nucleotide substrates (which allow elongation) was investigated. Very little transcription from the gp64 gene promoter was seen when the preincubation step was omitted, even though the reactions were incubated for 40 min after the addition of nucleotides (Fig. 3C) . A significant increase in the production of transcripts was seen after only 5 min of preincubation, while 20 min of preincubation was sufficient for near maximal transcription (Fig. 3C) .
The time course of transcription after a 20-min preincubation period was measured under standard assay conditions, and the results indicated that maximal production of transcripts occurred after 30 min of incubation (Fig. 3D) .
The gp64 and the Adenovirus Major Late Promoters Are
Transcribed by Both Sf9 and Human Cell Nuclear Extracts. To test whether transcription from the gp64 promoter was unique to the Sf9 system or was based on expression from universal promoter elements, we investigated the ability of nuclear extracts from Namalwa cells, a human Burkitt lymphoma cell line (26) , to produce run-off transcripts. Similarsize run-off transcripts from the EcoRI-digested p64CAT-166 construct were produced with extracts from both Sf9 and Namalwa cells (Fig. 4A ). In addition, run-off transcripts of similar size were produced from the adenovirus major late promoter by nuclear extracts from both cell types (Fig. 4) .
These results indicate that the transcription factors of both insect and human cells are capable of recognizing and initiating transcription from baculovirus and human virus promoters interchangeably.
Primer Extension Analysis of in Vitro-Generated gp64 Gene Transcripts Produced by Nuclear Extracts from Both Insect and Human Cell Lines. To determine if the run-offtranscripts produced in these investigations were initiating at positions identical to the in vivo transcripts, primer extension analysis was performed on RNA purified from the in vitro transcription reactions (Fig. 5) . The insect and human cell-derived extracts produced primer extension products of identical length, and these mapped to the adenosine of the gp64 gene CAGT motif (Fig. 5A ). This is identical to the mRNA start site of gp64 RNA produced in vivo (6) . The CAGT motif is a sequence conserved at the start sites of several baculovirus early genes (6) and is similar to a consensus sequence for mRNA initiation for a variety of genes from other eukaryotes (17, 18) . In control reactions where no gp64 template was added to the transcription reactions, no primer extension products were evident (Fig. SA) Several observations from these investigations are consistant with RNA polymerase II-mediated transcription by Sf9 nuclear extracts. The optimal conditions for transcription of baculovirus immediate early genes are similar to the conditions described for RNA polymerase TI-mediated transcription using human cell extracts (9, 19) . Furthermore, the baculovirus immediate early gene promoters resemble typical RNA polymerase II promoters (20, 21) , and mutation of the gp64 gene TATA box to TAGA caused a large reduction in specific run-off transcription. Finally, transcription from the gp64 promoter was abolished by a-amanitin at a concentration (1 ,ug/ml) consistent with RNA polymerase IImediated transcription (22) .
Transcription from the adenovirus major late promoter by Sf9 nuclear extracts indicates that the lepidopteran transcription system recognizes universal consensus sequences common to invertebrates and vertebrates, which signal both the positioning of the transcriptional apparatus and the site of mRNA initiation (20) . Transcription of the adenovirus major late promoter has been reported in HeLa cell extracts (9) and in a variety of heterologous systems including extracts from Bombyx mori silk glands (23) , Drosophila cells (24) , and yeast (25) cells.
The development of a system for in vitro transcription of baculovirus immediate early genes based on a run-off assay should assist in the identification, fractionation, and purification of host and viral regulatory factors involved in baculovirus transcription. In addition, the run-off transcription assay will provide a sensitive method for analysis of the activity of reconstituted transcriptional complexes. Such analyses will be essential for defining the role of specific factors in baculovirus transcription.
